The purpose of the study was to determine if pomegranate (Punica granatum L.) peel contains polyphenolic compounds with antibacterial activity against Cronobacter sakazakii. Minimum inhibitory and bactericidal concentrations of a methanolic extract were found to increase significantly (P < .05) with decreasing temperature (37, 21, 10°C) and pH (6.0, 5.0, 4.0). Chemical analysis by high pressure liquid chromatography revealed that the elligitannins αand β-punicalagin were most abundant hydrolysable polyphenolic compounds in the extract, followed by ellagic acid, ellagic acid derivatives and punicalin. Pomegranate peel is a potential source of natural preservatives for the control of Cronobacter sakazakii in food.
Introduction
Pomegranate (Punica granatum L.) is grown in many Middle Eastern, South Asian, Mediterranean countries and the USA, although Iran, China, India and Turkey are leading producers of fresh fruit and processed products including juices, jams, jellies or pastes. [1] Consumer demand for pomegranate products is increasing in response to the nutritional quality and potential health benefits of the fruit attributed to the abundance of bioactive phytochemicals in the edible aril and seed. [2] However, processing generates substantial waste in the form of inedible pomegranate peel (PoP), which represents approximately 50% of raw fruit weight. [3] Considerable research has been directed at the development of means to dispose of PoP or to utilize it for the production of value added byproducts. PoP contains several potentially valuable components including pectin, dietary fiber, micronutrients and an array of bioactive phenolic compounds ranging from simple phenolic acids (e.g. hydroxybenzoate) to complex, high molecular weight polyphenols (e.g. tannins) and a large pool of hydrolysable, water soluble polyphenolic compounds (e.g. ellagitannins). [4] [5] [6] Extracts prepared from pomegranate plant parts have long been used in traditional medicines for the treatment of infectious diseases. [7] Accordingly, the antimicrobial activity of extracts prepared from pomegranate tissues have been examined in some detail. [8] [9] [10] Aqueous, ethanolic or methanolic PoP extracts have been shown to inhibit Gram-negative and Gram-positive bacterial foodborne pathogens. [9, 11] Chemical analysis indicates that antibacterial activity is strongly correlated with total phenolic content, the presence ellagic acid and of hydrolysable polyphenolic derivatives thereof. [8, 12] Hence, PoP is a prospective source of antibacterial agents of potential utility as natural food preservatives. [10, 13] The opportunistic human pathogen Cronobacter sakazakii causes severe and occasionally fatal infections in neonates that are epidemiologically linked to the consumption of powdered infant formula. [14] C. sakazakii has also been isolated from dehydrated foods fed to older infants, including follow-up formulas and cereals. [15] The unusual osmotolerance, resistance to desiccation and mild thermotolerance of some strains of the species are conducive to survival in the manufacturing environment and in dehydrated foods. [16] [17] [18] Moreover, cells resuscitated during the reconstitution of infant formulas and cereals in water, milk or fruit juices can grow at temperatures ranging between 5.5 and 47°C. [19, 20] Consequently, means to inactivate C. sakazakii during the manufacture of dehydrated foods, in the course of their preparation or during subsequent storage by the end-user are needed to control attendant risks. [21] Conventional food preservatives could undoubtedly be used for this purpose. However, consumer concerns about the impact of synthetic chemicals on human health is leading food manufacturers to consider alternative antimicrobials derived from natural sources, notably phytochemicals.
Past research indicates that crude phenolic-rich plant extracts and purified phenolic compounds have antibacterial activity against C. sakazakii. Simple phenolic compounds including vanillic acid, ethyl vanillin and vanillin can lessen the heat resistance of C. sakazakii and inhibit growth in reconstituted powdered infant formula. [22] Comparatively little data is available on the antibacterial activity of higher molecular weight polyphenols against the species. Pina-Pérez et al. [23] reported that a polyphenol-rich cocoa powder inhibited growth of C. sakazakii in reconstituted infant milk formula stored at 25°C. Kim et al. [24] ascribed the bactericidal effects of water-soluble Muscatine (Vitis rotundifolia) seed extracts against the species to organic acids (primarily malic, tartaric) and tannic acid. Interestingly, both Muscatine seed and cocoa contain polyphenols that are also found in PoP extracts, such as catechin, epicatechin and ellagic acid. [5] Consequently, we examined the chemical composition and antibacterial activity of a polyphenolic-rich extract to determine the potential value of PoP as a source of natural preservatives for the control of C. sakazakii in food.
Materials and methods

Pomegranate peels
Pomegranate fruit (Punica granatum L., cv. 'Hicaznar') from a local market was transported to the Food Research Laboratory at Sakarya University, Sakarya, Turkey. The fruit were washed in water and peeled manually. Peels were frozen at −45°C, lyophilized for 5 days (Labconco, FreeZone 6 Liter, Kansas City, USA) and stored at −20°C until used.
Chemicals and reagents
Punicalagin (97%) and punicalin (98%) standards were obtained from Biopurify Phytochemicals Ltd. (Sichuan, China), ellagic acid, gallic acid and Folin-Ciocalteu reagent from Sigma-Aldrich Canada Ltd. (Oakville, Canada). Methanol (MeOH) and acetonitrile used for extractions and liquid chromatography were HPLC grade (Fisher Scientific, Ottawa, Canada).
Preparation of a purified PoP extract
A 5 g sample of ground lyophilized PoP was stirred with 100 mL of an 80% MeOH + 0.01% HCl solution for 1 h at room temperature. The slurry was then spun at 10,000 rpm for 10 min in a centrifuge and the resulting supernatant was filtered through Whatman filter paper No. 1 into a rotary evaporator flask. The pellet was re-extracted with the same solvent under the same conditions and the filtrates were combined. Methanol was removed under vacuum (50 mm Hg) in a rotary evaporator operated at 40°C and the volume was restored to 100 mL with water + 0.01% HCl. Organic acids and sugars were removed by solid phase extraction (SPE) on reversed-phase C18 cartridges (Supelco ENVI-18, 50 μm particle size, 60 Å porosity, 5 g sorbent mass/20 mL reservoir volume, Sigma-Aldrich, Oakville, Canada) installed on a manifold system (Supelco, Visiprep DL). Each cartridge was conditioned with 25 mL of MeOH + 0.01% HCl followed by 25 mL water + 0.01% HCl prior to loading with 20 mL of the aqueous extract. The loaded cartridges were then washed with 25 mL water + 0.01% HCl and dried under vacuum for 3 min. Retained phenolic compounds were eluted with 25 mL MeOH + 0.01% HCl and the resulting purified PoP extract was dried under N 2 at 35°C.
Total phenolic content
The total phenolic content (TPC) of the purified PoP extract was measured using the Folin-Ciocalteu microscale colorimetric method as described by Waterhouse. [25] A standard curve prepared with gallic acid in the 50-500 mg/L concentration range was used to determine TPC expressed as mg of gallic acid equivalents per dry weight (mg GAE/g DW).
Quantification and identification of phenolic compounds by HPLC
Purified PoP extract was dissolved in 10 mL water, diluted 50-fold with a 95:5 (v:v) solution of 50 mM phosphoric acid:acetonitrile and passed through a 0.45 μm PVDF syringe filter (Chromatographic Specialties, Inc., Brockville, Canada). Hydrolysable phenolic compounds were analyzed with an Agilent 1100 series HPLC system equipped with a diode array detector and ChemStation™ software (Agilent Technologies Inc., Palo Alto, USA). Chromatographic separations were performed on a Kinetex 2.6 μm PFP-100Å 150 × 4.6 mm LC column (Phenomenex Inc., Torrance, USA) using 50 m mol −1 phosphoric acid (solvent A, pH 1.17) and acetonitrile (solvent B) as the mobile phase. Column temperature was set at 35°C and flow rate at 0.6 mL/min. The gradient elution program was as follows: from 5% to 22.3% B in 35 min, from 22.3% to 52.3% B in 10 min, from 52.3% to 100% B in 5 min, 100% B isocratic in 35 min, from 100% to 5% B in 3 min, and 100% B isocratic in 10 min.Identification and quantification was carried out at 258 nm for punicalin/ punicalagins, and at 254 nm for ellagic acid/ellagic acid derivatives. Retention times and absorption spectra of external reference standards were used to identify punicalin, punicalagin, ellagic acid. Peaks that showed same absorption spectra as ellagic acid were assumed to be ellagic acid derivatives. Calibration curves generated from each external standard were used for the quantification of peaks. Concentrations of ellagic acid derivatives were expressed as ellagic acid equivalents.
Bacterial strains and cultural conditions
C. sakazakii strains HPB 2855, HPB 2871, HPB 3290 were obtained from the Bureau of Microbial Hazards culture collection (Health Canada, Ottawa, Canada). Stock cultures were maintained at −80°C in tryptic soy broth (TSB, BBL, Cockeysville, USA) containing 20% glycerol. Working cultures were grown in TSB supplemented with 5 g/L yeast extract (TSBYE) for 24 h at 37°C under constant agitation at 60 rpm.
Measurement of minimum inhibitory and minimum bactericidal concentrations of the purified PoP extract at different pH values and temperatures
Minimum inhibitory concentrations (MIC) and minimum bactericidal concentrations (MBC) were determined by a broth dilution method in ¼ strength TSBYE amended with 0.15% agar essentially as described by Delaquis et al. [26] Cultures grown for 24 h at 37°C were diluted in ¼ strength TSBYE adjusted to pH 4.0 or 5.0 or 6.0 with either 5N HCl or 10N NaOH. Stock solutions of PoP extract dissolved in water adjusted to pH to 4.0, 5.0 or 6.0 were sterilized by passage through 0.22 µm cellulose acetate membrane filters (Fisher Scientific, Ottawa, Canada). The stock solutions were then diluted in a 1:1 ratio with ½ strength TSBYE + 0.30% agar adjusted to pH 4.0, 5.0 or 6.0. Appropriate amounts were dispensed into the wells of microtiter plates along with sterile ¼ strength TSBYE +0.15% agar adjusted to experimental pH to achieve concentrations ranging between 0.25 to 60 mg GAE total phenolics/mL. Each well was then inoculated with 10 µL of C. sakazakii culture (final concentration~5 log CFU/mL). Minimum inhibitory concentrations (MIC) were defined as the lowest concentration that prevented visible growth. A loopful of medium from wells without evidence of growth was applied to tryptic soy agar supplemented with 5 g/L yeast extract (TSAYE) which was incubated for 24 h at 37°C to determine minimum bactericidal concentrations (MBC). Experiments were performed at 37, 21 and 10°C in media adjusted to pH 4.0, 5.0 and 6.0. Wells were examined for evidence of growth after 48 h incubation at 37°C, 48 h at 21°C and 8 days at 10°C.
Survival curves for C. sakazakii at different pH values and temperatures in TSBYE containing purified PoP extract C. sakazakii was exposed to MBC concentrations (average values, Table 2 ) of PoP in TSBYE adjusted to pH 4.0 or 5.0 or 6.0 at temperatures of 37, 21 and at 10°C. Stock solutions of aqueous phenolic extract were prepared using the methods described above. Inoculum consisted of a cocktail prepared by combining cultures of each C. sakazakii strain in ¼ strength TSBYE to achieve a cell density of approximately 5 log CFU/mL. Surviving cell populations were estimated by the spread plate method on TSAYE incubated at 37°C for 24 h. Recovery of cells below the detection limit was ensured by enrichment of a 1 mL sample in 10 mL TSBYE for 24 h at 37°C, followed by transfer to TSAYE incubated at 37°C for 24 h. Inoculated samples without any added aqueous phenolic extract served as controls.
Statistical analysis
Three independent replicates were performed for each experimental condition. Duncan's multiplerange tests were used for statistical analysis using SPSS version 20.0 (IBM Corp, Sommers, NY, USA). Differences between means were considered significant at p < .05.
Results and discussion
Composition of the PoP extract
The total phenolic content (TPC) of purified extract prepared from lyophilized PoP was 129.7 ± 1.0 mg GAE/g DW. Variable TPCs have been reported in methanolic extracts prepared from lyophilized PoP, ranging from 80 mg GAE/g [27] , to 101.9 mg GAE/g [28] , 118 mg GAE/g [29] and 262.5 mg GAE/g. [9] Differences in TPC were not unexpected as both the content and relative proportion of specific phenolic compounds in pomegranate tissues are known to be affected by cultivar, agronomic practice, fruit maturity, drying method and extraction procedure. [5] In addition, post extraction handling and analytical procedures can affect the outcome of the TPC measurement. The extract prepared in the present work was purified by solid phase extraction to avoid confounding antimicrobial effects caused by non-phenolic constituents, notably organic acids and sugars that may interfere with the Folin-Ciocalteu reaction but which are seldom removed prior to analysis. [30] Since none of the extracts examined in the aforementioned studies were purified, the actual TPCs were possibly higher than reported.
Chromatograms of the purified extract ( Figure 1 ) revealed that nine compounds including ellagic acid and 5 co-eluted species (tentatively identified as derivatives of ellagic acid), and the ellagitannins punicalin, α-punicalagin and β-punicalagin were separated by HPLC. Concentrations provided in Table 1 showed that the elligitannins αand β-punicalagin (39.1 mg/g) were most abundant, followed by ellagic acid (4.0 mg/g) and punicalin (0.9 mg/g). Similar concentrations (38.6 mg/g, 2.8 mg/g and 0.8 mg/g, respectively) were measured in a methanolic extract of lyophilized PoP by John et al. [27] The extract prepared in the present work also contained 3.7 mg/g of ellagic acid derivatives that could not be identified using analytical tools at our disposal. It should be noted that Fisher et al. [28] detected five ellagic acid derivatives (ellagic acid -pentoside, -hexoside,acid-dihexoside,-deoxyhexoside andgalloyl-HHDP-hexoside) in a methanolic PoP extract analyzed by mass spectrometry.
Antibacterial activity of the PoP extract
Antibacterial activity of the purified PoP extract against C. sakazakii was examined in tryptic soy broth supplemented with 5 g/L yeast extract (TSBYE). Results of MIC and MBC measurements presented in Table 2 show that the extract exerted concentration-dependent bacteriostatic and bactericidal effects that increased significantly (p < .05) with decreasing temperature and pH. While MIC values obtained were comparable some strain-associated differences in MBC were apparent, notably at pH 5.0 and 6.0 where C. sakazakii HPB 3290 was more susceptible to the bactericidal effects of the extract than strains HPB 2855 and 3290. Inter-species variability in sensitivity to the antibacterial effects of polyphenols has been reported previously. [31] The differences observed in the present study were small, however, and exposure to the extract was clearly lethal to all the experimental strains. C. sakazakii was also incubated in TSBYE supplemented with MBC concentrations of the extract to assess the rapidity and duration of antibacterial effects. Survival curves (Figure 2) showed that lethality was enhanced at 37°C but not at 21 or 10°C. The most rapid population decline was observed at pH 4.0 and a temperature of 37°C, where the population was reduced by 4 log CFU/mL after 24 h and C. sakazakii was not recovered by enrichment after 48 h. In contrast, the population fell by 0.5 log CFU/mL after 24 h at pH 4.0/10°C, and 8 days of incubation were required to achieve non-recovery by enrichment. Hence, the rate of C. sakazakii inactivation by PoP extract was likely affected by complex interactions between pH and temperature.
The present report provides the first evidence that the polyphenolic fraction of a PoP extract exerts antibacterial activity against the opportunistic foodborne pathogen C. sakazakii. Prior research has shown that other species from the family Enterobacteriaceae are inhibited or inactivated by exposure to polyphenol-rich methanolic extracts. For example, Al-Zoreky [9] measured MIC values of 0.25 mg/mL for Yersinia enterocolitica, 1 mg/mL E. coli and 4 mg/mL for Salmonella enterica on Müller-Hinton agar (medium pH 7.3). These values are lower than the average MIC of 6.67 mg/mL at pH 6.0 reported here for three strains of C. sakazakii but the extract was not purified and had a TPC of 262.5 mg GAE/g, or approximately twice that used in the present study. The antibacterial activity of crude plant extracts generally increases with TPC. Moreover, non-phenolic constituents, such as organic acids, can contribute additional antibacterial effects. [32] Because such constituents were removed from the extract prepared for the present work, activity against C. sakazakii could be ascribed to the polyphenolic fraction of PoP.
Some of the polyphenolic compounds identified in the PoP extract have been shown to inhibit Gram negative bacteria, including species of Enterobacteriaceae. For example, the ellagitannin punicalagin was reported to inhibit 10 strains of S. enterica at MICs ranging between 0.25 and 1.0 mg/mL [33] , six S. enterica strains at MICs between 0.6 and 0.8 mg/mL and six E. coli strains at MICs of 1.0 to 3.2 mg/ mL. [31] The antibacterial effects of ellagic acid, the second most abundant polyphenolic compound in the extract, have been studied in detail against the bacterium Helicobacter pylori. [34] Evidence of activity against other Gram negative species is comparatively scarce, although Panichayupakaranant [35] and Rosa-Burgos et al. [3] found that ellagic acid rich PoP extracts inhibit S. enterica, Shigella sonnei and E. coli. 3.33 ± 0.47aC 10.00 ± 0.00aB 20.00 ± 0.00aA 10.00 ± 0.00aB 15.00 ± 0.00aB 23.33 ± 4.71aA
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C. sakazakii HPB 2871
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3.33 ± 0.47aC 10.00 ± 0.00aB 20.00 ± 0.00aA 10.00 ± 0.00aC 13.33 ± 2.36aB 20.00 ± 0.00aA
Overall mean 3.33 ± 0.00xZ 10.00 ± 0.00xY 20.00 ± 0.00xX 10.56 ± 0.79yZ 14.44 ± 0.79xY 22.22 ± 1.57yX a Each value represents the mean of three independent replicates ± standard error. Values are in mg/mL. Different lower case letters a,b,c denote significant (p < 0.05) differences between isolates at each temperature. Different upper case letters A, B and C denote differences between isolates at each pH. Lower case x, y and z denote significant differences in overall mean for all isolates at each temperature for a given pH, and X, Y and Z denote significant differences in overall mean values at each pH for a given temperature.
Hence, the antibacterial effects of PoP extract against C. sakazakii may stem from the combined activity of ellagitannins, ellagic acid and derivatives thereof.
Conclusion
A purified PoP extract was shown to contain polyphenolic compounds with bacteriostatic and bactericidal activity against C. sakazakii. Hence, waste derived from the processing of this fruit could serve as a source of natural food preservatives for the control of C. sakazakii. Future work will address the level of supplementation required to inactivate C. sakazakii in foods, notably during rehydration or post-preparation handling of dehydrated products. 
